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a b s t r a c t
Predicting thermal conductivity, k, of carbon nanotubes (CNTs) has been the focus of many molecular
dynamics (MD) simulation studies reported in the literature. The values of k obtained in these studies
exhibit a large, up to an order of magnitude, variability that is commonly attributed to the variations
in the computational setups adopted in different studies. The sensitivity of the computational results
to the choice of individual parameters of the simulation setups, however, has not been systematically
investigated and is often overlooked when the predicted values of k are compared across the literature.
Here we present the results of several series of simulations speciﬁcally designed to evaluate the effects of
common computational parameters of non-equilibrium MD (NEMD), such as the type of boundary conditions, size and location of heat bath regions, deﬁnition of the CNT length, and the choice of interatomic
potential, on the computational predictions. The length dependence of thermal conductivity is found to
exhibit a gradual transition from a strong increase of k with CNT length for nanotubes that are shorter
than 200 nm to a much weaker dependence for longer CNTs, reﬂecting the transition from ballistic to
diffusive-ballistic heat transport regimes. The effect of increasing length of thermal bath regions is found
to be nearly indistinguishable from the effect of increasing length of the unperturbed region between the
bath regions, suggesting that the value of k is deﬁned by the total length of the CNT (including the length
of the heat bath regions) in NEMD simulations employing uni-directional heat ﬂux. The choice of interatomic potential is shown to be responsible for an up to fourfold variability in predictions of k for otherwise identical simulation conditions. Overall, the results of this study help elucidate the cause of
quantitative discrepancies across published data and provide recommendations on the choice of simulation setups that may improve the consistency of the computational predictions.
Ó 2013 Elsevier Ltd. All rights reserved.

1. Introduction
The exceptionally high thermal conductivity of carbon nanotubes (CNTs) revealed in experiments [1–8] and computational
studies [9–29] has put forward CNTs as promising structural elements for heat management applications and has motivated active
exploration of the physical mechanisms responsible for the thermal transport in CNTs. Under conditions when systematic experimental investigation of the dependence of thermal conductivity
on the geometrical and structural parameters of CNTs (length,
diameter, chirality, curvature, presence of defects) and external
conditions (temperature, thermal contact resistance, interactions
with other CNTs and/or substrate) is hampered by technical challenges related to the small size of the individual nanotubes and
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their propensity to form bundles and aggregate into intertwined
structures, atomistic molecular dynamics (MD) simulations
present an attractive alternative. Indeed, atomistic simulations allow for complete control over the size and structure of the CNTs
and have been used in investigations of the dependence of the
thermal conductivity on CNT length [12–15,18,20–24,26,28–34],
diameter [11–13,18,22–24,26–29,33,35], elastic deformation
[25,36–38], buckling [39–41], as well as presence of isotope dopants [18,20,24,33], crystal defects [10,20,33], or chemisorbed
molecules [14].
In spite of the ability of MD simulations to fully control the
simulated environment and to provide detailed atomic-level information on the mechanisms responsible for the heat transfer in
CNTs, the values of thermal conductivity, k, predicted in different
MD simulations exhibit surprisingly large divergence even when
the simulated system is nominally the same. For example, a sample
of MD results obtained for single-walled CNTs of chirality (10, 10)
at 300 K is listed in Table 1. The values of k exhibit variability
by more than an order of magnitude, casting doubt on the ability

955

R.N. Salaway, L.V. Zhigilei / International Journal of Heat and Mass Transfer 70 (2014) 954–964

Table 1
A sample of values of CNT thermal conductivity predicted in MD studies reported in the literature. All values are for (10, 10) single-walled CNTs at 300 K. The system length is
deﬁned as the total length of the computational system used in the simulations. The nomenclature for the names of the interatomic potentials is explained in the text.
Reference

k (W m1 K1)

System length (nm)

Potential

Method

Boundary conditions

Lukes and Zhong [21]
Grujicic et al. [16]
Pan [35]
Xu and Buehler [36]
Wei et al. [37]
Che et al. [10]
Padgett and Brenner [14]
Thomas et al. [26]
Maruyama [12]
Shiomi and Maruyama [23,42]
Feng et al. [33]
Bi et al. [20]
Cao and Qu [28]
Ren et al. [25]
Berber et al. [9]

20–160
173–179
243
301
302
240–305
35–350
300–365
275–390
130–475
50–590
400–600
1580
1430
6600

5–40
2.5–40
29.4
49.26
49.26
2.5–40
10–310
200–1000
6–404
14–425
6.52–34.77
2.5–25
4800
60
2.5

Brenner-II + LJ
AIREBO
Brenner-II
AIREBO
AIREBO
Brenner
Brenner-II
Brenner-II
Brenner
Simpliﬁed Brenner
Brenner-II
Tersoff
Optimized Tersoff
AIREBO
Tersoff

EMD
EMD
NEMD
NEMD
NEMD
EMD
NEMD
NEMD
NEMD
NEMD
NEMD
EMD
NEMD
NEMD
HNEMD

Periodic and non-periodic
Periodic
Periodic
Periodic
Periodic
Periodic
Periodic
Non-periodic
Non-periodic
Non-periodic
Non-periodic
Periodic
Periodic
Non-periodic
Periodic

of MD simulations to provide a reliable quantitative estimate of the
thermal conductivity. It is important, therefore, to understand the
reasons for the data variability across the published studies and, in
particular, to evaluate the contributions of two fundamentally different factors: true variation of the intrinsic CNT conductivity due
to the variation of length of the CNTs used in the simulations, and
variation of k due to variability of computational procedures and
interatomic potentials employed in different simulations.
The length dependence of thermal conductivity of CNTs is
commonly observed in MD simulations performed for nanotubes
with length up to hundreds of nanometers [10,12,14–18,21–
24,26,28,29,33]. There are two main reasons for this behavior. First,
when the sample length is less than or comparable to the phonon
mean free path, phonons are capable of traveling ballistically
through the sample without being impeded by phonon–phonon
scattering. As the sample length increases, the effective length of
this ballistic transport increases, which increases overall thermal
transport and results in higher conductivity values. Second, the longest available phonon wavelength that can exist in a CNT is dictated
by the sample length. Thus, as the sample length increases, the
maximum allowable phonon wavelength increases. The additional
long-wavelength phonons offer effective channels for thermal
transport and can make a substantial contribution to the thermal
conductivity [21,28]. The CNT length that corresponds to the transition from the ballistic conduction regime, where the thermal conductivity increases with CNT length, to the diffusive regime, where
the thermal conductivity approaches a constant value, is temperature dependent as the phonon mean free path decreases with
increasing temperature. A recent review of room temperature
experimental measurements performed for CNTs with length
exceeding 0.5 lm [43] suggests the diffusive regime of the heat
transfer. At the same time, the results of MD simulations performed
for CNTs with lengths of 10s to 100s of nm typically exhibit a pronounced increase of k with increasing CNT length, that is characteristic of the ballistic and transitional diffusive-ballistic phonon
transport [12,14,15,18,21–24,26,28,33]. The length dependences
predicted in different MD studies, however, vary widely for the
same (10, 10) CNT, with the transition to the diffusive regime (saturation of k) predicted for as short CNTs as 10 nm in some of the
investigations [10,15–17,29], while no saturation is observed for
CNTs with length exceeding 1 lm in other studies [23,28]. In order
to reconcile the diverging results on the CNT length dependence,
the sensitivity of the predictions of MD simulations to the interatomic potential and computational procedures used in the calculations of thermal conductivity has to be systematically evaluated.
The interatomic potential that deﬁnes the interaction forces between atoms in the simulated system is a key ingredient of any MD

model. The choice of interatomic potential has direct effect on any
quantitative prediction of MD simulations, including prediction of
the value of thermal conductivity. A sample of results obtained
with interatomic potentials commonly used in simulations of CNTs
are listed in Table 1. Note that some of the potentials have been
modiﬁed and different versions and generations of the same potential are concurrently used by different research groups. As a result,
there can even be confusion as to the exact version of potential
indicated by name in a published work.
For clarity, the following nomenclature convention is deﬁned in
this paper. The Tersoff potential is the early bond order potential
that has the original functional form and parameterization deﬁned
by Tersoff in 1988 [44,45]. The Brenner potential is the potential
developed by Brenner in 1990 [46]. Stuart and colleagues modiﬁed
the Brenner potential, added a description of torsional interactions
for rotation about single bonds and developed an adaptive treatment of non-bonded van der Waals interactions within the bond
order formalism of the Brenner potential. This potential, described
by Stuart et al. in 2000 [47] is referred to as adaptive intermolecular reactive bond order (AIREBO) potential. In 2002, Brenner et al.
made changes to the functional form and parameterization of the
original Brenner potential to improve the accuracy of the description of hydrocarbon molecules and various properties of diamond
[48]. We refer to this second-generation Brenner potential as Brenner-II. A description of van der Waals interactions through simple
addition of the Lennard–Jones (LJ) potential to the Tersoff, Brenner,
and Brenner-II potentials has also been used in simulations that do
not involve formation/dissociation of chemical bonds and do not
require adaptive treatment of the intermolecular interactions
[21,32,49]. These potentials can be denoted as Tersoff + LJ, Brenner + LJ, and Brenner-II + LJ, and a set of parameters  and r of
the Lennard–Jones potential should be provided to deﬁne the combined potentials. New sets of parameters for the Tersoff and Brenner potentials, optimized for the description of phonon thermal
transport in carbon nanotubes and graphene, were recently
suggested by Lindsay and Broido [50]. We refer to these potentials
as optimized Tersoff and optimized Brenner in this paper. Finally,
Yamaguchi and Maruyama [51] used a simpliﬁed version of the
original Brenner potential, in which the conjugate-compensation
term is eliminated to facilitate the formation of poly-cyclic
structures in simulations of fullerene formation process. This
implementation was used by Shiomi and Maruyama [23] in simulations of thermal conductivity of CNTs and is referred to as simpliﬁed Brenner in this paper.
Another factor that may be responsible for the inconsistency of
the computational predictions is the variability of the methods
employed for the calculation of thermal conductivity in MD
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simulations. Two general types of methods are used in the analysis
of thermal transport properties. In the equilibrium molecular
dynamics (EMD) method, small ﬂuctuations of heat current are
monitored over time and Green–Kubo relation is used to determine
the thermal conductivity from these perturbations from equilibrium [10,16,20,21]. While periodic boundary conditions are often
used in EMD calculations to represent an inﬁnitely long CNT
[9,52], the results of the calculations show an increase in the conductivity with increasing length of the computational cell
[10,16,17,21,29,32].
In the non-equilibrium molecular dynamics (NEMD) method, a
steady-state temperature gradient is created between ‘‘heat bath’’
regions deﬁned in the system and the thermal conductivity is
determined from the Fourier law. The heat ﬂux can be applied directly or indirectly by prescribing either the energy ﬂux or temperature gradient. The NEMD studies referenced in Table 1 provide
examples of the different approaches to creating a temperature
gradient. In particular, Thomas et al. [26] and Cao and Qu [28] directly applied an energy ﬂux by removing a known amount of kinetic energy from a cold heat bath region in a CNT and adding it
to a hot heat bath region to impart a ﬂux between the two regions.
Maruyama [12], Shiomi and Maruyama [23], Feng et al. [33], and
Ren et al. [25] directly applied the temperature gradient by ﬁxing
the temperatures of the heat bath regions on both sides of the
CNT. Finally, Pan [22], Xu and Buehler [36], Wei et al. [37], and
Padgett and Brenner [14] indirectly applied a heat ﬂux by periodically exchanging the momenta between the slowest atom in the
hot heat bath region and the fastest atom in the cold heat bath region. The boundary conditions applied at the ends of the computational system are also varied across NEMD simulations and include
free boundary conditions applied to CNTs ends [18,31], rigid
boundary conditions with heat bath regions immediately adjacent
to the ﬁxed ends of the CNT [26,33,40] or separated from the ﬁxed
ends by an intermediate layer [25,53], and periodic boundary conditions applied along the axis of the CNT [11,14,15,24,28,35–37]. In
the case of the periodic boundary conditions, the distance between
the centers of the hot and cold heat bath regions has to be twice
shorter than the total length of the computational domain to satisfy the requirement of periodicity of the temperature distribution.
The diversity of methods and types of boundary conditions results in the ambiguity of the deﬁnition of the CNT length. In the
EMD method, there are no heat bath regions, and the computational
cell can be considered to represent the actual CNT length if free
boundary conditions are used [21] or an inﬁnite CNT in the case
of periodic boundary conditions, with longer cells providing a more
accurate representation [17]. In the NEMD method, when the heat
bath regions are employed, it is common to consider the CNT length
to be the unperturbed length between the two heat bath regions
[23,26,30,38]. However, the thermally controlled regions can also
be included in the deﬁnition of CNT length, particularly in works
employing the NEMD method with periodic boundary conditions
[14,15,28]. Furthermore, in the case when the periodic boundary
conditions are used, the CNT length can be deﬁned as the overall
length of the computational cell [15,22,36] or the twice shorter distance between the centers of the heat bath regions [24,28]. This variation in CNT length deﬁnitions is addressed below in further detail.
For the purposes of Table 1, the system length refers to the length of
the entire computational domain for all works.
The brief review of computational work provided above suggests that the results of the MD calculations of thermal conductivity are signiﬁcantly affected by the choice of interatomic potential,
computational method, boundary conditions, and deﬁnition of the
effective CNT length. While the sensitivity of the predictions of MD
simulations to the choice of the computational setup is generally
recognized [21,26,28,32,37,43], there has been no targeted studies
aimed at systematic evaluation of the relative effect of various

computational parameters on the CNT conductivity values. Understanding of the extent to which the computational parameters affect the predicted values of thermal conductivity is necessary not
only for resolving the discrepancies in the reported results of MD
studies, but also for investigation of any real effects of the CNT
length or physical environment, in isolation of any artifacts of
the computational setup. Therefore, in this work, we perform several series of simulations that are speciﬁcally designed to evaluate
the effects of the boundary conditions, size and location of the heat
bath regions, deﬁnition of the CNT length, and the choice of interatomic potential on the predictions of NEMD simulations. General
features of the computational setups used in the simulations are
described in Section 2 and the results of the simulations are presented and discussed in Section 3.
2. Computational method
Simulations are designed to predict the thermal conductivity of
individual (isolated) CNTs. While some procedures are varied
across different series of simulations, the basic sample preparation
and computational procedure is common to all of the simulations
and is outlined below.
Simulations are performed for individual (10, 10) CNTs covered
by 110-atom caps at the ends, with one of the caps interfacing with
the CNT by a 20-atom ring constituting a half of the nanotube’s
unit cell. Free (vacuum) boundary conditions are applied in all
directions. Initially, all CNTs undergo relaxation for 25 to 100 ps
in constant energy MD simulations. Next, the CNTs are gradually
heated up to 300 K over the course of 20 to 50 ps using the Langevin thermostat method [54], while ensuring that the total linear
and angular momenta of the CNTs are zero [21]. After the heating
process, an additional 20 ps relaxation in constant-energy free dynamic simulations is employed to monitor the CNT system coordinates and energies, and to verify that mechanical-vibrational
equilibration is achieved after the temperature increase.
The thermal conductivity of CNTs is determined in NEMD simulations by generating constant heat ﬂux between hot and cold
bath regions deﬁned in the CNTs. The heat ﬂux is applied by adding
a ﬁxed amount of energy at a constant rate through scaling the
velocities of atoms in the heat bath regions so that the same
amount of energy Q is added and removed per unit time in the
hot and cold heat bath regions, respectively. This creates a constant
one-dimensional heat ﬂux, q ¼ Q =X, between the heat bath regions, where X is the cross-sectional area of the CNT, deﬁned in
this work as X ¼ 2pdT RT ¼ 1:43 nm2 ; RT ¼ 0:67 nm is the nanotube
radius found in MD simulations as the average radial distance of
carbon atoms from the axis of an isolated CNT equilibrated at
300 K, and dT ¼ 0:34 nm is the nominal thickness of the CNT wall
taken to be equal to the interlayer spacing in graphite [12,41,55].
The applied ﬂux creates a non-equilibrium temperature proﬁle
in the sample, which is determined by the ﬂux and conductivity of
the CNT. The temperature proﬁle is obtained by dividing the nanotube into segments and calculating local temperature of each segment from the average kinetic energy of the corresponding atoms,

Tj ¼

1 X 2
mmi ;
3kB NS i2S

ð1Þ

j

where T j is the temperature of segment j; N S is the number of atoms
in a segment, mi is the instantaneous velocity of atom i; m is the
atomic mass, kB is the Boltzmann constant, and the summation is
performed over atoms that belong to segment j. A representative
temperature proﬁle generated for a 630 nm CNT, divided into
24.2 nm segments is shown in Fig. 1. The bath regions were
0.5 nm wide, and positioned 1 nm from the extreme ends of the
tube, to exclude the fullerene caps. The temperature gradient,
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Fig. 1. A representative steady-state temperature proﬁle obtained in a simulation
performed for a 630 nm long (10, 10) CNT. The data points are calculated for
24.2 nm segments along the CNT. The line is a linear ﬁt that is used in the
calculation of the temperature gradient. The ﬁt excludes the data points that
correspond to the heat bath regions and ﬁrst points adjacent to the heat bath
regions.

300
280
−1
k (Wm−1K )

dT=dx, is determined from a linear ﬁt applied to the temperature
proﬁle, with non-linear parts of the temperature distribution adjacent to the heat bath regions excluded from the ﬁtting procedure.
Once the temperature gradient is found, the CNT conductivity
can be calculated from the Fourier law, k ¼ q=ðdT=dxÞ. One of
the most important requirements of the NEMD method is to ensure
that the system has reached the steady state. During the time of
the simulation with the ﬂux implemented, the temperature gradient evolves from zero to the ﬁnal steady-state value. Measuring the
temperature gradient before steady-state temperature proﬁle is
established will result in an over-prediction of the CNT conductivity. To ensure the system has reached the steady state, a moving
average of thermal conductivity over a ﬁxed temporal window is
monitored. Temperature proﬁles are averaged over the moving
time window throughout the simulation and a moving temporal
average of the conductivity is obtained. The evolution of the conductivity averaged over the moving time interval is used to determine when the steady-state temperature gradient is established in
the system. All data for times after the steady state was reached are
averaged in calculation of the ﬁnal value of thermal conductivity.
A representative temporal conductivity plot calculated for the
same 630 nm long CNT used for the illustration of the temperature
proﬁle in Fig. 1 is shown in Fig. 2. In this example, data was recorded every 0.005 ps and averaged over a 100 ps temporal window. The initial values of thermal conductivity calculated at the
start of the constant heat ﬂux simulation are much higher than
the ﬁnal values, and are not shown in this ﬁgure. As the simulation
progresses, the conductivity decays to a steady-state value. After
3250 ps, the temporal decay of conductivity ceases and the temporal variation of the conductivity values can be attributed to statistical ﬂuctuations about an average value. The ﬁnal value of the
thermal conductivity is obtained by averaging over the steadystate part of the simulation as schematically shown by the horizontal arrow in Fig. 2.
All simulations reported in this paper are performed with the
LAMMPS package [56]. The equations of motion are solved using
the velocity Verlet algorithm and the timestep of integration is
0.5 fs. In the simulations presented in Sections 3.1, 3.2, and 3.3,
interatomic interactions are described with the LAMMPS implementation of the AIREBO potential [47] that adopts the BrennerII potential [48] for chemically bonded carbon atoms and describes
the van der Waals interactions between non-bonded carbon atoms
by the Lennard–Jones potential with parameters r ¼ 3:40 Å and
 ¼ 2:84 meV. A cutoff function that ensures a smooth transition
of the Lennard–Jones potential to zero is applied in a range of interatomic distances from 2.16r to 3r. In Section 3.4, the effect of the
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Fig. 2. A representative plot of the time evolution of thermal conductivity, k,
calculated from temperature proﬁles averaged over a moving 100 ps temporal
window in a simulation of heat ﬂow through a 630 nm long (10, 10) CNT. The heat
ﬂux is applied starting at the time of 65 ps and the steady state is deemed to be
reached by the time of 3250 ps (marked by the vertical line). The ﬁnal value of k is
determined by averaging all data obtained within the time interval indicated by the
horizontal arrow.

choice of interatomic potential on the value of thermal conductivity predicted in NEMD is analyzed by performing additional simulations with Tersoff [45], Brenner-II [48], LAMMPS implementation
of AIREBO [47], and optimized Tersoff [50] potentials.
3. Results and discussion
The results of a systematic evaluation of the sensitivity of the
values of thermal conductivity predicted in NEMD simulations to
the computational parameters commonly varied in past investigations are reported in this section. The effect of the CNT length is
evaluated ﬁrst, followed by the analysis of the sensitivity of the
computational predictions to the size and location of the heat bath
regions and the choice of interatomic potential.
3.1. Effect of CNT length
A series of simulations was performed to examine the length
dependence of CNT conductivity. The CNT length was varied between 47 and 630 nm (8240 to 104,440 atoms, respectively). Following a common convention adopted in many NEMD studies of
thermal conductivity, e.g., [23,26,30,31,38,57,58], we deﬁne the
CNT length to be equal to the length of a central unperturbed part
of the tube, LC , located between the 0.5 nm wide hot and cold heat
baths regions. The results of the calculations of thermal conductivity plotted as a function of LC are shown in Fig. 3. The strong length
dependence observed for CNTs shorter than 200 nm suggests the
dominant contribution from ballistic phonon transport. For lengths
greater than 200 nm, the dependence on CNT length becomes
weaker. This marks the transition to the diffusive-ballistic regime
and indicates that the sample length that corresponds to the onset
of this transition is on the order of the effective phonon mean free
path [59]. Note that the extent of the transitional diffusive-ballistic
regime is deﬁned by the longest mean free paths of long-wavelength phonons (of the order of several lm at room temperature
[60]) that dominate the heat transfer in CNTs. Thus, while the
dependence predicted in our simulations becomes notably weaker
and shows signs of saturation as the length increases to 630 nm,
the gradual increase of the thermal conductivity with increasing
length may be expected up to CNT lengths of the order of tens of
lm [61,62].
For comparison, the results of other NEMD studies that report
CNT length dependence of thermal conductivity [14,21,23,26] are
also plotted in Fig. 3. While the predicted values of conductivity
vary across these works, the qualitative trends in the length
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Fig. 3. Thermal conductivity, k, of (10, 10) CNTs as a function of sample length, LC ,
deﬁned as the distance between the hot and cold heat bath regions. For comparison,
the length dependencies of thermal conductivity reported by Lukes and Zhong [21],
Thomas et al. [26], Shiomi and Maruyama [23], and Padgett and Brenner [14] are
also plotted. While quantitative discrepancies are present, all sets of data exhibit a
consistent trend of strong length dependence for short CNTs transforming to
weaker increase for CNTs that are longer than 200 nm, thus signifying the
transition from the ballistic to diffusive-ballistic heat transport regimes.

dependencies are similar. For CNTs with lengths shorter than
200 nm, all studies predict a strong length dependence of the
conductivity, characteristic of dominant ballistic thermal transport. In studies where CNTs longer than 200 nm are investigated,
a transition to a weaker length dependence and saturation of the
conductivity values with increasing nanotube length is observed,
suggesting a transition to the diffusive-ballistic regime. The transition between the two regimes is observed for nanotube length that
roughly corresponds to the room temperature phonon mean free
path that has been estimated to be of the order of 200–500 nm
based on experimental data [1,4], results of recent NEMD simulations [28] and theoretical analysis [59].
The strong sensitivity of the thermal conductivity to the CNT
length predicted in NEMD simulations demonstrates that quantitative comparison between the results of different simulations
should account for the length dependence, especially when the
results are compared for short CNTs, in the ballistic heat transport
regime. Apart from the length dependence, the factors responsible
for the apparent quantitative discrepancies in data obtained in
different simulations illustrated in Fig. 3 are investigated and discussed below.

3.2. Effect of the length of heat bath regions
The results summarized in Fig. 3 demonstrate large discrepancies in quantitative results obtained in different studies. It is reasonable to assume that the differences in the computational
setups used in different studies are to blame for the discrepancies
in the results. There have been no systematic studies, however, reported on the effect of various parameters on the values of thermal
conductivity predicted in NEMD simulations. Therefore, the
remainder of this paper describes the results of several series of
simulations targeted speciﬁcally at revealing the effect of some
of the key simulation parameters on the predictions of CNT thermal conductivity. The conclusions of this study provide both insights into the nature of the nanoscale thermal transport in CNTs
and recommendations on the choice of the computational parameters that may lead to the reduction in the discrepancies between
the results of different simulations.
When employing the NEMD method described in Section 2 to
study thermal conductivity of CNTs in the ballistic regime, the
length of the two heat bath regions, 2LB , can account for a substantial

portion of the overall system length, LSys , as measured from end to
end, Fig. 4. In most NEMD studies employing non-periodic (rigid
or free) boundary conditions, however, the CNT length is deﬁned
as the length between the inner boundaries of the heat bath regions,
or the length of the central part of the nanotube, LC , e.g.,
[23,26,30,31,38,57,58]. This deﬁnition of sample length is not limited to CNTs but is commonly applied in NEMD investigations of various materials [63–65]. The effect of the length of the heat baths is
implicitly assumed to be negligible in most of these studies employing this deﬁnition of sample length. This assumption is challenged,
however, by the results of two studies [23,30] where the effect of
LB on k is analyzed. The simulations performed for CNTs with ﬁxed
size of the central region LC but varied length LB of Nose–Hoover
thermostats applied to the heat bath regions demonstrate that the
value of k has a pronounced dependence on LB .
Shiomi and Maruyama [23] attributed this behavior to a thermal boundary resistance (TBR) present between each of the heat
bath regions and the central tube region. According to this explanation, a difference between the bath length and the central tube
length results in a difference in allowable phonon states in each
of these regions. This mismatch in phonon states, and the resulting
TBR, cause an abrupt temperature change at the interface between
the central and heat bath regions, and thus affect the ﬁnal steadystate temperature gradient used in the calculation of the conductivity. They concluded that this effect can be minimized when
the length of the heat bath regions is equal to the central tube
length, i:e., LB ¼ LC . Based on this conclusion, Shiomi and Maruyama suggest that a bath region with length equal to half the length
of the central tube region, LB ¼ LC /2, should be used as an optimal
choice that ensures a sufﬁcient reduction of the TBR effect at a reasonable computational cost.
To further examine the effect of the length of the heat bath
regions, we performed two series of NEMD simulations. In both
series we use (10, 10) CNTs covered by fullerene caps at the two
ends. In the ﬁrst series, Series 1, the distance between the heat
bath regions was ﬁxed at LC ¼ 50 nm while the length of each heat
bath region was varied within a range from LB ¼ 0:5 nm to
LB ¼ 75 nm. In the second series of simulations, Series 2, the central
tube length was ﬁxed at LC ¼ 97 nm and the length of the heat bath
regions was varied from LB ¼ 25 nm to LB ¼ 150 nm. The two sets
of parameters are chosen to allow for analysis of the effect of the
length of the heat bath regions for the conditions when the bath regions are both shorter and longer than the central parts of the
nanotubes. The calculations of the thermal conductivity follow
the general procedure described in Section 2. The heat ﬂux is maintained by adding/removing the kinetic energy in the heat bath regions at rates of Q = 0.45 eV/ps for LC ¼ 50 nm (Series 1) and
Q = 1.25 eV/ps for LC ¼ 97 nm (Series 2).
Additional analysis was performed to estimate the standard error of the mean conductivity. After achievement of the steady state,
calculations of conductivity are continued for an additional
2500 ps for Series 1 and 500 ps for Series 2. For each simulation,
the data obtained in the steady state are divided into N sample sets,
each with M conductivity calculations. The sample mean of each
sample set, ki , is calculated to provide N estimations of the true

LB

Fullerene
end cap

LC

LB

Bath
region

LSys
Central tube
region

Fig. 4. A schematic of a computational setup used in NEMD simulations of thermal
conductivity of CNTs and the deﬁnitions of the length parameters. Two heat bath
regions of length LB are separated by a central tube region of length LC .
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!1=2
ð2Þ

;

^
and p
the
ﬃﬃﬃﬃ estimated standard error of the mean is calculated as rk
¼ S= N. This value provides a measure of the precision in estimating the mean conductivity predicted by the NEMD simulations.
The results of the two series of simulations plotted as a function
of LB are shown in Fig. 5. The data represented by green triangles
are the results for Series 1, where the central tube length was
LC ¼ 50 nm, and the data represented by red squares are the results
for Series 2, where the central tube length was LC ¼ 97 nm. The error bars represent the estimates of the standard error of the mean
conductivity predicted in the simulations. In both series of simulations, the conductivity shows a strong dependence on the length of
the heat bath regions. The values predicted in the simulations
range from 165 W m1 K1 to 229 W m1 K1 and from
220 W m1 K1 to 256 W m1 K1 for Series 1 and Series 2, respectively. These are signiﬁcant variations, particularly in light of the
common practice of deﬁning CNT length as the distance between
the inner boundaries of the two heat bath regions and the lack of
a rigorous criterion for choosing the length of the heat bath regions. In the case of Series 1, for example, the results imply up to
39% variation in the conductivity values predicted for a 50 nm
CNT, depending on the choice of the length of the heat bath regions, LB .
It is also instructive to compare the results of the two series of
simulations performed with ﬁxed values of LC with the data used in
Section 3.1 to examine the length dependence of k. In this additional series of simulations, Series 3, the length of the heat bath regions was kept constant at LB ¼ 0:5 nm, and LC was varied from
47 nm to 630 nm. In Fig. 6(a), all data is plotted as a function of

(a) 300
250
−1

S¼

N
2
1X
ðki  kÞ
N i¼1

LC , which is a standard way to deﬁne the CNT length in the NEMD
length dependence studies employing non-periodic boundary conditions [23,26,30,31,38,57,58]. In this representation, we can see
that the variations of the values of k in the constant LC series (Series
1 and 2) are comparable to the range of values obtained by changing LC in Series 3.
Perhaps a more signiﬁcant aspect of Fig. 5 is that the values of
thermal conductivity predicted in the Series 1 and 2 simulations
continue to increase with increasing lengths of the heat bath regions even for LB > LC . The solid green and dashed red lines in
Fig. 5 mark the values of k predicted in simulations of Series 1 with
LB ¼ LC ¼ 50 nm and Series 2 with LB  LC (LB ¼ 100 nm,
LC ¼ 97 nm), respectively. According to the interpretation offered
by Shiomi and Maruyama [23], TBR between the heat bath regions
and the central region of the unconstrained dynamics should reach
a minimum for LB ¼ LC and the thermal conductivity should not increase with further increase of the heat bath length. The continued
increase in the conductivity for the bath lengths LB > LC suggests
that the interpretation based on the TBR caused by the mismatch
of the vibrational spectra of the heat bath regions and the central
part of the CNT has to be reconsidered.
The results of the present simulations suggest that the length
dependence of thermal conductivity predicted in NEMD simulations is most adequately described as the dependence on the overall (end-to-end) length of the system, LSys . The nature of this
dependence is illustrated in Fig. 6(b), where the exact same data
from Fig. 6(a) is re-plotted as a function of the overall system
length, LSys . A striking observation from this plot is that when the

k (Wm−1K )

mean conductivity predicted in the NEMD simulation. The ﬁnal value of the conductivity reported is the mean of the N estimations, k.
Averaging over M measurements in each sample set reduces the
effect of the natural statistical ﬂuctuations in instantaneous temperature proﬁles that arise due to the relatively small number of
atoms in each CNT segment and provides a more accurate estimation of the mean conductivity. This method produces a sample of N
independent estimations of the mean conductivity and is used to
estimate the standard error of the mean [66]. The sample standard
deviation, S, is determined as
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Fig. 5. Thermal conductivity, k, as a function of the length of the heat bath regions,
LB . The results are shown for two series of NEMD simulations performed with ﬁxed
distance between the heat bath regions: in Series 1 (green triangles) LC ¼ 50 nm
and in Series 2 (red squares) LC ¼ 97 nm. The error bars show the estimates of the
standard error of the mean, with some error bars obscured by the width of the data
points. The solid green and dashed red lines mark the values of k predicted in
simulations of Series 1 with LB ¼ LC ¼ 50 nm and Series 2 with LC  LB ¼ 100 nm,
respectively. The consistent trend of increasing thermal conductivity for LB > LC
contradicts the notion that the sensitivity of the results to LB is due to the thermal
boundary resistance at the boundaries of the heat bath regions. (For interpretation
of the references to color in this ﬁgure caption, the reader is referred to the web
version of this article.)
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Fig. 6. Thermal conductivity, k, as a function of (a) length of the central part of the
CNT, LC , and (b) the total length of the CNT, LSys . The results are shown for three
series of NEMD simulations: in Series 1 (green triangles) CNTs have ﬁxed
LC ¼ 50 nm and varied LB , in Series 2 (red squares) CNTs have ﬁxed LC ¼ 97 nm
and varied LB , and in Series 3 (blue circles) CNTs have ﬁxed LB ¼ 0:5 nm and varied
LC . While it is common to use LC as a measure of the effective CNT length in NEMD
simulations of thermal conductivity, plotting k versus LSys in (b) provides a more
consistent representation of the length dependence of k across all series of
simulations, regardless of whether the length is added to the central region (Series
3) or the bath regions (Series 1 and 2) of the nanotube. (For interpretation of the
references to color in this ﬁgure caption, the reader is referred to the web version of
this article.)
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results from the three series of simulations are plotted with respect
to LSys , the effect of increasing LB in Series 1 and 2 is nearly indistinguishable from the effect of increasing LC in Series 3. A near coincidence of the three points at LSys  200 nm in Fig. 6(b) is a good
illustration of this observation. The similarity of the values of k predicted in the three series of simulations and listed in Table 2 is consistent with the notion that the overall system length determines
the value of the thermal conductivity. These CNTs, however, would
be considered to have very different lengths by the common deﬁnition of CNT length as the length of the central part of the nanotube, LC .
The length dependence of the thermal conductivity obtained in
the simulations can be extrapolated to samples of inﬁnite length to
obtain an estimate of the thermal conductivity, k1 . From the
kinetic theory for a phonon gas, the thermal conductivity can be
related to the phonon mean free path as

k¼

1
cmleff ;
3

ð3Þ

where c is the phonon heat capacity per unit volume, m is the average phonon velocity, and leff is the effective mean free path of the
phonons. In a CNT of a ﬁnite length, the effective mean free path
is deﬁned by both the phonon–phonon scattering and the phonon
scattering at the boundaries of the CNT. Using Matthiessen’s rule
for independent contributions of the two scattering mechanisms,
the effective mean free path can be written as

1
1
2
¼ þ
;
leff l1 LSys

ð4Þ

where l1 is the mean free path of phonons in the system where
LSys ! 1. From Eqs. (3) and (4), it follows that the length dependence of the thermal conductivity can be written as [67,68]

1
M
M
¼
þ
;
k 2l1 LSys

ð5Þ

where M is a constant that deﬁnes the slope of the linear dependence of 1=k on 1=LSys . The estimates of the phonon mean free path
and thermal conductivity in an inﬁnitely long CNT, l1 and k1 , can
then be obtained by plotting the dependence of 1=k on 1=LSys predicted in NEMD simulations and extrapolating it to LSys ! 1. Note
that this linear extrapolation procedure provides only the ﬁrst order
approximation of the values l1 and k1 . The variability of the phonon group velocities and mean free paths [60], neglected in the simple equation (3), may result in substantial deviations from the linear
dependence of 1=k on 1=LSys [26,65]. However, a linear relationship
was observed for the range of system lengths investigated in this
work.
The values of l1 and k1 obtained by the procedure outlined
above for the three series of simulations are listed in Table 3. The
conditions of simulations of Series 3, where the size of the heat
bath regions is kept constant while LC is increased, are the closest
reﬂection of the true physical system of interest. Thus, one can expect that the most accurate prediction of k1 would come from the
application of the extrapolation procedure to data produced in this
series. The extrapolation of data from Series 1 and 2, where LC is
kept constant and LB increases, can be represented by a CNT with

Table 2
Sample data taken from Fig. 6. Overall system length, LSys , which includes the heat
bath regions, is found to be a better predictor of conductivity than the distance
between the heat bath regions, LC .
1 1

k (W m
Series 1
Series 2
Series 3

229
230
228

K

)

LSys (nm)

LC (nm)

202
198
206

50
97
203

Table 3
The upper saturation limit of conductivity, k1 , and phonon mean free path, l1 ,
predicted by ﬁtting the results of NEMD simulations to Eq. (5). The values of LC and LB
correspond to systems extrapolated to inﬁnite overall length, LSys , by following the
procedures of the three series of simulations. Series 3 provides the most realistic
representation of the true system of interest, with length added to the central region
of the nanotube. Despite length being added to the heat bath regions while LC is kept
constant, Series 1 and 2 provide estimates of k1 that are surprisingly close to the
more realistic prediction of Series 3.

Series 1
Series 2
Series 3

LC (nm)

LB (nm)

k1 (W m1 K1)

l1 (nm)

50
97
1

1
1
0.5

263
267
275

16
16
20

a ﬁxed length of the central part of the nanotube, but inﬁnitelylong bath regions. It is clear that this representation does not
match the true physical system of interest when considering the
conductivity of inﬁnite systems. While the highest prediction
comes from extrapolation of the results of Series 3, it can be seen
that the extrapolated values for LB ! 1 are similar to the one obtained for LC ! 1 and the agreement improves as LC increases
from 50 nm to 97 nm.
The main conclusion drawn from Fig. 6 is that the length dependence of CNT conductivity is better captured by the overall system
length, LSys , than by the length of the central part of the nanotube,
LC . The length of the heat bath, LB , is shown to have a strong effect
on the values of k predicted in NEMD calculations for CNT lengths
comparable to the phonon mean free path. This length dependence
is nearly indistinguishable from the dependence on LSys and the
agreement improves as LC increases from 50 nm to 97 nm. This
suggests that the contribution to thermal conductivity from LB is
similar to the contribution from LC . It follows that bath regions of
any signiﬁcant length should be considered to be parts of the nanotube, and the CNT length should be deﬁned as the length of the
overall system, LSys . Physically, these results imply a relatively minor contribution of the phonon scattering at the interface between
the heat bath regions and the unperturbed region of the system
to the overall length dependence of the thermal conductivity.
The dominant contribution is coming from the real boundaries of
the sample, which scatter phonons and limit the maximum phonon wavelength that can exist in the nanotube.
Although the length dependencies shown in Fig. 6(b) for the
three series of simulations are similar, the extrapolated values obtained by increasing LB do not exactly reproduce the values obtained by increasing LC , as seen in Table 3. Therefore, the choice
of a small bath length would be optimal for obtaining an accurate
prediction of the length dependence of k and the extrapolated value of k1 . Overall, the results of the analysis discussed above provide guidance for choosing a simulation setup that best represents
the conductivity of a system of interest. CNT length deﬁnition
should include the heat bath regions, and the length of the heat
bath regions should be small compared to the total length of the
system. It is worth noting that the underlying physics of the effects
of thermal bath length is applicable to phonon thermal transport in
the ballistic-diffusive length regime of any material. Thus, this definition of CNT length can be extended to the deﬁnition of sample
length in any NEMD study of thermal transport.
3.3. Effect of location of heat bath regions
The variation of computational setups used for the generation
of steady-state heat ﬂuxes in NEMD simulations could be an additional source of the discrepancies in the computational predictions.
There are two commonly used ways of implementing the heat ﬂux.
In all simulations discussed above, the temperature or heat ﬂux
control is applied to the two heat bath regions located at the ends
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of a CNT and a steady-state heat ﬂux is created in the central part
of the CNT, between the two heat bath regions. Fig. 4 represents a
schematic of this computational setup. This method of applying a
uni-directional heat ﬂux along the length of the sample is used
in a number of works [12,13,18,19,23,25–27,30–33,38,40,57,58,
69,70]. An alternative implementation of the NEMD method is
represented in Fig. 7. In this approach, a hot heat bath region is deﬁned in the center of the tube, two cold heat baths regions are applied at the two ends of the CNT, and equal and opposite ﬂuxes are
generated along the tube axis in opposite directions. This implementation is typically used in combination with periodic boundary
conditions (PBCs) in the axial direction [11,14,15,22,24,28,35–37],
thus creating a repeating pattern of bi-directional ﬂuxes.
The discussion provided in the previous section demonstrates
that for NEMD simulations implementing uni-directional ﬂux, the
length dependence of CNT conductivity is better captured by the
overall system length, LSys , than by the length between the heat
bath regions, LC , although the majority of studies employing this
method to investigate length dependence of conductivity use LC
as the deﬁning length [23,26,30,31,57,58]. Paradoxically, the results obtained in bi-directional ﬂux simulations are often described
in terms of the overall system length as the deﬁning length
[15,22,36,37], despite the imposed thermal transport occurring in
opposite directions over the two halves of the system length. This
length deﬁnition does not seem to be intuitive given the nature of
thermal transport in these systems, and the factors that affect the
length dependence in the ballistic and diffusive-ballistic regimes.
When a ﬂux is applied between two heat bath regions, the dominant ballistic transport mechanism is energy transport from a
hot heat source to a cold heat sink. In the case of bi-directional heat
ﬂux, the ballistic transport contributes to the heat transfer between the hot and cold bath regions, in the direction of the imposed heat ﬂux. If the phonon mean free path is longer than the
distance between the heat bath regions, however, the thermal
transport may occur from a heat source, through a heat sink, and
toward the second heat source on the other side of the computational system, against the dominant direction of heat transfer. In
this case, the ballistic transport would actually serve to reduce
the measured temperature gradient and the corresponding thermal conductivity, as it effectively inhibits the heat transfer in the
direction of imposed ﬂux. Thus, the ballistic thermal transport
within the distance between the heat baths serves to increase thermal conductivity, while the ballistic transport at lengths greater
than the distance between the heat baths regions serves to reduce
the conductivity. Therefore, it seems plausible that thermal conductivity predicted in NEMD simulations is deﬁned by the length
of consistently imposed ﬂux, i:e., the length between the heat bath
regions, rather than by the overall system length.
To investigate the effect of the bi-directional ﬂux conﬁguration
on the predicted values of thermal conductivity, two NEMD simulations are performed for free and periodic boundary conditions

LSys

LB

LC

2LB

LC

LB

(a)
(b)
LB

LC

2LB

LC

LB

Fig. 7. Schematics of computational setups with bi-directional heat ﬂux implementations used in NEMD simulations of thermal conductivity of CNTs. The two
setups are shown for free (a) and periodic (b) boundary conditions. In the case of
free boundary conditions, the CNTs are covered by hemispherical fullerene caps
that are not included in the heat bath regions.

961

applied along the axis of the CNTs as shown schematically in
Fig. 7. In the case of free boundary conditions, the CNT is covered
by two hemispherical fullerene caps and the total length of the system was 100 nm. Two cold bath regions are implemented immediately adjacent to the fullerene caps, and have a length of LB ¼ 1 nm
each. A hot bath is implemented in the center of the CNT, measuring 2LB ¼ 2 nm. The distance of unperturbed length between the
heat bath regions is LC ¼ 47:3 nm on each side of the CNT. In the
second simulation, the fullerene caps are removed and periodic
boundary conditions are applied in the axial direction, creating a
repeating pattern of bi-directional heat ﬂux. In this case the overall
system length remains 100 nm, and the distance between the heat
bath regions is increased to LC ¼ 48:1 nm to account for the removal of the fullerene caps.
Thermal conductivity is calculated from the steady-state temperature proﬁles established in the system following a procedure
similar to the one described in Section 2. The values of k are found
to be 154 W m1 K1 in the free boundary conditions simulation,
and 160 W m1 K1 with periodic boundary conditions. Comparing
these predictions to the results obtained with uni-directional heat
ﬂux approach and described in Sections 3.1 and 3.2, we ﬁnd that
the results of bi-directional calculations are in a good agreement
with the ones obtained in simulations of Series 3 for
LSys ¼ 50 nm, 154 W m1 K1, but signiﬁcantly under-predict the
results for LSys ¼ 100 nm, 196 W m1 K1, see Table 4. This observation supports the qualitative discussion provided above, which
suggested that, due to the physical phenomena that lead to the
length dependence, the length of consistently imposed heat ﬂux
is the length that deﬁnes the value of the thermal conductivity in
bi-directional NEMD simulations. Keeping in mind the conclusion
of Section 3.2, it is reasonable to include the length of the heat bath
regions to the standard length deﬁnition. Thus, by deﬁning the
effective CNT length in bi-directional simulations as the length of
an unperturbed region plus 2LB ; LC þ 2LB  LSys =2, we can reconcile
the results obtained with the two types of the computational setup. Adopting this deﬁnition of CNT length may help to resolve
some of the discrepancies in the values of CNT thermal conductivity reported in the literature.
3.4. Effect of interatomic potential
The interatomic potential is the most signiﬁcant input parameter that must be deﬁned in any MD simulation. Potentials that have
been validated and widely used to represent carbon systems include the Tersoff [45], Brenner [46], Brenner-II [48], and AIREBO
[47] potentials. Recently, modiﬁed sets of parameters for the Tersoff and Brenner-II potentials have been developed speciﬁcally for
simulations of heat transfer in carbon nanotubes and graphene
[50]. Considering the results of the simulations listed in Table 1,
it is possible to see a correlation between the type of interatomic
potential employed in a simulation and the values of the predicted
thermal conductivity: the increasing values of k tend to follow the
order from AIREBO and Brenner-II + LJ, to Brenner/Brenner-II, to
Tersoff, and to an optimized version of the Tersoff potential. Here
we note two exceptions from this trend: the value reported by
Ren et al. [25], which is unusually high in comparison to other
works employing the AIREBO potential, and the one by Berber
et al. [9] which is acquired with the homogenous non-equilibrium
molecular dynamics (HNEMD) routine [71] and remains among the
highest reported values in the literature. The differences in the CNT
lengths and various parameters of the computational methods employed in the simulations, however, do not allow us to translate
this apparent correlation to a deﬁnite quantitative conclusion on
the extent the choice of the interatomic potential affects the value
of thermal conductivity predicted in a simulation. Therefore, an
additional series of NEMD simulations is performed in this work
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Table 4
Thermal conductivity of (10, 10) CNTs, k, predicted in NEMD simulations performed with bi-directional and uni-directional heat ﬂux implementations. The predictions of the two
types of simulations are reconciled when the results are compared for the same effective length deﬁned as LC þ 2LB .
Flux direction

Boundary conditions

LSys (nm)

LC þ 2LB (nm)

k (W m1 K1)

BiBiUniUni-

Periodic
Free
Free
Free

100
100
50
100

50
49
49
99

160
154
154
196

for identical CNTs and computational setups, but different interatomic potentials. In this way, the possibility of other system
parameters causing divergent results is eliminated, and the pure
effect of the interatomic potential is examined in isolation.
The system used in this series of simulations is a (10, 10) CNT
with uni-directional heat ﬂux (Fig. 4), LSys ¼ 205 nm, and
LB ¼ 0:5 nm. The computational setup and procedure used in the
calculation of k are the ones described in Section 2. The four potentials investigated are original Tersoff [45], Brenner-II [48], AIREBO
[47] with Brenner-II [48] adopted for bonding interactions, and the
optimized Tersoff by Lindsay and Broido [50].
The results from the simulations, shown in the form of a bar
chart in Fig. 8, reveal strong dependence of CNT conductivity on
implemented potential. The general trend is the same as seen in
the sample of published results presented in Table 1 (excluding
the two highest values reported by Ren et al. [25] and Berber
et al. [9]), with the highest values predicted with the optimized
Tersoff potential, followed by the original Tersoff, Brenner-II and
AIREBO potentials. The low values of k predicted with Brenner-II
and AIREBO potentials have been attributed to two factors: low
velocities of acoustic phonons obtained from phonon dispersion
relations for graphene and strong anharmonicity of Brenner-II potential resulting in high phonon–phonon scattering rates [50]. The
long-range van der Waals interactions added to the Brenner-II potential in AIREBO may further increase the phonon scattering rate,
thus additionally reducing the value of k. While the variability of
the results of experimental measurements of thermal conductivity
of individual CNTs [1–8] prevents a direct quantitative validation
of interatomic potentials, the understanding of the degree to which
the choice of interatomic potential can affect the predictions of the
simulations may help in resolving some of the discrepancies in
published MD results and may assist in design and interpretation
of future computational studies. Moreover, despite the lack of
quantitative predictive power of current MD calculations of thermal conductivity, the qualitative trends revealed in the simulations, such as the CNT length dependence shown in Fig. 3, are
still consistent across studies undertaken with different interatomic potentials. These qualitative trends are certainly of interest
for the design of CNT materials with thermal transport properties
tailored for particular practical applications.

−1 −1

k (Wm K )

1000

(10,10) CNT with LSys = 205 nm and LB = 0.5 nm

800
600
400
200
0

AIREBO

Brenner−II

Tersoff

Optimized Tersoff

Fig. 8. Thermal conductivity, k, predicted in NEMD simulations performed with
four different interatomic potentials for identical CNTs under identical computational conditions.

4. Summary
The results of a systematic investigation of the effect of various
computational parameters on the values of thermal conductivity of
CNTs predicted in MD simulations uncover some of the key reasons
for the wide variability of the computational predictions reported
in the literature and provide guidance for designing simulation setups that reduce the ambiguity in data interpretation.
The CNT length dependence of thermal conductivity is investigated in a broad range of nanotube lengths, from 47 nm to
630 nm, and is found to exhibit a gradual transition from a strong
length dependence for CNTs shorter than 200 nm to a much
weaker dependence for longer CNTs. This dependence is characteristic of the transition from ballistic to diffusive-ballistic heat transport regimes and has been observed in many of the earlier studies.
A detailed analysis of the CNT length dependence reveals that, in
NEMD simulations with uni-directional heat ﬂux implementation,
the effect of increasing length of the central part of the nanotube,
LC , is nearly indistinguishable from the effect of increasing length
of the heat bath regions, LB . This observation suggests that the
common practice of neglecting the length of the heat bath regions
when deﬁning the CNT length in NEMD simulations may introduce
an uncertainty in interpretation of the results, as the variability of
LB in different studies may translate into a substantial variability in
the predicted values of thermal conductivity. The results of this
study suggest that the total length of a CNT (including the length
of the heat bath regions) should be used as the deﬁnition of the
CNT length in NEMD simulations with uni-directional heat ﬂux.
To provide an adequate representation of the true nature of the
system being modeled, the length of the heat bath regions should
be short relative to the overall CNT length. The length dependence
of k in bi-directional ﬂux implementations, commonly used with
periodic boundary conditions, is also shown to be best represented
by the deﬁnition of the effective CNT length comprised of the
length of the heat bath regions and the length of an unperturbed
part of the CNT between the hot and cold heat bath regions. This
convention yields values of k that are consistent between the
two (uni- and bi-directional) implementations of the heat ﬂux in
NEMD simulations.
The effect of the choice of the interatomic potential on the value
of thermal conductivity predicted in NEMD simulations is also
quantiﬁed in a series of simulations performed with several
commonly used potentials. An up to a fourfold difference in the
values of k is predicted with different potentials for identical CNTs
and computational setups. This large difference suggests that
quantitative agreement between the results obtained with different interatomic potentials should not be expected. Many of the
qualitative trends revealed in the simulations, however, are consistent across studies employing different potentials and are providing useful insights into the mechanisms of the nanoscale thermal
transport in CNTs. Overall, the results of the systematic evaluation
of the effect of the boundary conditions, size and location of the
heat bath regions, deﬁnition of the CNT length, and the choice of
interatomic potential on the predictions of NEMD simulations clarify the origins of quantitative discrepancies across published data
and provide recommendations on the choice of computational
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parameters that may reduce some of the inconsistencies between
the computational results.
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